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a  b  s  t  r  a  c  t
Aﬂatoxin  is  a  potent  carcinogen  produced  by Aspergillus  ﬂavus,  which  frequently  contaminates  maize
(Zea  mays  L.)  in  the  ﬁeld  between  40◦ north  and  40◦ south  latitudes.  A  mechanistic  model  to predict  risk
of  pre-harvest  contamination  could  assist  in  management  of  this  very  harmful  mycotoxin.  In this  study
we  describe  an  aﬂatoxin  risk  prediction  model  which  is  integrated  with  the  Agricultural  Production
Systems  Simulator  (APSIM)  modelling  framework.  The  model  computes  a temperature  function  for  A.
ﬂavus growth  and  aﬂatoxin  production  using  a  set of  three  cardinal  temperatures  determined  in  the
laboratory  using  culture  medium  and  intact  grains.  These  cardinal  temperatures  were  11.5 ◦C  as  base,
32.5 ◦C  as  optimum  and 42.5 ◦C  as  maximum.  The  model  used  a low  (≤0.2)  crop  water  supply  to  demand
ratio—an  index  of drought  during  the  grain  ﬁlling  stage  to  simulate  maize  crop’s  susceptibility  to A.  ﬂavus
growth  and  aﬂatoxin  production.  When  this  low  threshold  of  the  index  was  reached  the  model  converted
the  temperature  function  into  an aﬂatoxin  risk  index  (ARI)  to represent  the risk  of aﬂatoxin  contamination.
The  model  was  applied  to  simulate  ARI  for  two commercial  maize  hybrids,  H513  and  H614D,  grown  in
ﬁve  multi-location  ﬁeld  trials  in  Kenya  using  site speciﬁc  agronomy,  weather  and  soil parameters.  The
observed  mean  aﬂatoxin  contamination  in these  trials varied  from  <1  to  7143 ppb.  ARI  simulated  by
the  model  explained  99%  of  the variation  (p  ≤  0.001)  in  a linear  relationship  with  the  mean  observed
aﬂatoxin  contamination.  The  strong  relationship  between  ARI and  aﬂatoxin  contamination  suggests  that
the  model  could  be applied  to  map  risk  prone  areas  and  to monitor  in-season  risk  for  genotypes  and  soils
parameterized  for APSIM.
Crown  Copyright  © 2015 Published  by Elsevier  B.V.  This  is  an  open  access  article  under  the CC. Introduction
Maize (Zea mays L.) is the third most important cereal used
s human food and animal feed worldwide. However, maize is
lso a favoured host for the aﬂatoxin producing fungi Aspergillus
avus (Bandyopadhyay et al., 2007; Amaike and Keller, 2011). High
evels of aﬂatoxin contamination in maize are quite common in
ome maize growing regions including those in sub-Saharan Africa
Wagacha and Muthomi, 2008; Hell and Mutegi, 2011; Mutiga
t al., 2014). Aﬂatoxin contamination was particularly serious in
astern Africa where maize was a staple food and fatal aﬂatox-
cosis cases related to the consumption of contaminated maize
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were frequently reported (Kang’ethe, 2011; Manjula et al., 2009).
In Kenya alone around 500 persons have reportedly died due to
acute aﬂatoxicosis since 1980 (Kang’ethe, 2011). Aﬂatoxin contam-
ination is also a problem in other developing regions of the world
(Kensler et al., 2011). While acute poisoning leading to death of
humans and livestock represents the most recognizable part of the
aﬂatoxin problem, there are also other more subtle health impacts
of this mycotoxin. Chronic exposure to even low doses of aﬂatoxin
increases risk of cancer, and may  cause immuno-suppression, poor
nutrient absorption, and fetal and infant growth retardation (Henry
et al., 1999; Williams et al., 2004; Wild and Gong, 2010; Williams
et al., 2010; Kensler et al., 2011).
In many developing countries aﬂatoxin contamination remains
largely undetected due to lack of inexpensive diagnostics tools that
can be used in the ﬁeld, and the prevalence of informal trading
of commodities. Given the scope and complexity of the problem,
there is a particular need to develop predictive tools that can be
s article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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sed for both managing aﬂatoxin as well as assisting in diagnosing
nd appropriate handling of risk prone crops. An aﬂatoxin decision
upport tool called Aﬂoman, which is based on a peanut aﬂatoxin
odel, has assisted in the management of aﬂatoxin in peanuts in
ustralia (Chauhan et al., 2010). There is a need to develop and
pply similar tools to manage aﬂatoxin contamination in maize as
ell.
Aﬂatoxin contamination in maize can occur during pre-, and
ost-harvest. Managing pre-harvest contamination should be con-
idered as an obvious target of any intervention as it is an important
ource of contamination which itself can be signiﬁcantly above the
egal limit of 4 to 20 ppb level for different countries. The residual
noculum could result in further accumulation of aﬂatoxin during
torage if conditions are favourable for aﬂatoxin production (Hell
t al., 2008). On the basis of certain trends in pre-harvest contam-
nation observed in speciﬁc agro-ecologies of sub-Saharan Africa,
ell and Mutegi (2011) suggested it should be possible to model
re-harvest aﬂatoxin contamination. However, this has proved to
e a challenging task due to interactions amongst many factors
ncluding crop, climate, and soil (Payne et al., 1986). Nevertheless,
t is commonly accepted that aﬂatoxin contamination is a pro-
ess driven signiﬁcantly by climatic conditions, with underlying
enetic and management components also contributing to suscep-
ibility and risk. In particular, hot and dry conditions during the
eproductive phase were recognized to be the key risk factors that
re-dispose the crop to pre-harvest A. ﬂavus infection and aﬂatoxin
roduction (Payne and Widstrom, 1992, Widstrom, 1996; Payne
t al., 1986; Luo et al., 2010; Jones et al., 1981; Cotty and Jaime-
arcia, 2007; Cotty et al., 2008). As most modern simulation models
re able exploit climate dependencies of various soil and plant pro-
esses for different crops to predict their performance in the ﬁeld,
t should also be possible to harness climate dependencies of A.
avus and other related species to predict pre-harvest contamina-
ion. The APSIM maize model has been recently used to evaluate
isk of drought and high temperature to maize grown in the United
tates (Lobell et al., 2013) and in Australia (Chauhan et al., 2013).
iven that several biotic stresses e.g. Fusarium cob and charcoal rots
re similarly predisposed by climatic conditions, modelling aﬂa-
oxin contamination assumes importance. If successful, it should
hen be possible to model risk posed by other biotic stresses by
xploiting their climatic dependencies in a similar way.
A few models for aﬂatoxin prediction have been proposed that
re based on the understanding of interactions that occur amongst
he fungus, temperature and water activity (Pitt, 1993; Garcia et al.,
009; Gqaleni et al., 1997; Molina and Giannuzzi, 2002; Abdel-
adi et al., 2012; Mousa et al., 2011; Astoreca et al., 2012). While
ome of these models are able to simulate aﬂatoxin contamina-
ion well under in vitro conditions (culture media), these have not
een extensively applied under ﬁeld conditions. Probst and Cotty
2012) recently reported a lack of correlation even between the
esults of in vitro and in vivo experiments they conducted and hence
autioned on their use for predicting contamination in maize grains.
Only a couple of mechanistic models which exploit climatic
ependencies of the A. ﬂavus to invade and colonize maize cobs to
redict pre-harvest aﬂatoxin contamination in ﬁeld grown maize
ave been proposed in recent years (Chauhan et al., 2008; Battilani
t al., 2008, 2013). The more recent version of the model by Battilani
t al. (2013) used sporulation, infection, fungal growth and aﬂatoxin
roduction at different temperatures and water activity as the main
omponents in their modelling approach. They, however, ignored
nteractions that can occur due to the mismatch of soil moisture and
ts demand leading to development of drought which seems to be a
ey driver of pre-harvest contamination. In comparison, the mod-
lling approach of Chauhan et al. (2008) considered sporulation
nd water activity as non-limiting steps and focused on comput-
ng risk of aﬂatoxin contamination driven by vulnerability of thesearch 178 (2015) 91–99
crop to drought induced by adverse climatic conditions during the
grain ﬁlling stage. In their model Chauhan et al. (2008) considered
that the growth of the fungus and aﬂatoxin production was driven
by temperature and the time spent under drought conditions. The
cardinal temperatures used in their prototype model were largely
derived from work on peanuts – a sub-terranean crop with similar
issues related to aﬂatoxin contamination (Diener and Davis, 1977) –
and has had only limited testing. Also a better indicator was needed
to account for temperature-induced changes in vapour pressure
deﬁcit that exacerbates drought situation in addition to low soil
moisture as risk factors that trigger A. ﬂavus invasion and aﬂatoxin
production. The objective of this study, therefore, was to develop
maize-speciﬁc response parameters of A. ﬂavus for the model and
evaluate it using contamination data recorded in multi-location
trials conducted in Kenya.
2. Materials and methods
2.1. Model description
The maize aﬂatoxin model was  developed as part of the Agricul-
tural Production Systems sIMulator (APSIM) modelling framework.
The basic features of APSIM were described by Keating et al. (2003)
and that of the prototype aﬂatoxin model by Chauhan et al. (2008).
APSIM simulated maize growth, phenology, yield, and soil water
balance using daily input of maximum and minimum temperature,
radiation, and rainfall. The APSIM model also simulated the water
supply to demand ratio (SDR, unitless) as an indicator of drought
which has been used to characterize maize growing environments
(Lobell et al., 2013; Chauhan et al., 2013; Harrison et al., 2014). SDR
is quite sensitive to temperature because of the latter’s relation-
ship with vapour pressure deﬁcit that drives the evapotranspiration
demand (Lobell et al., 2013). When the supply matches the evapo-
transpiration demand then SDR is close to one and as the supply
declines or the demand rises either due to high crop growth or
increased vapour pressure deﬁcit SDR becomes less than one and
represents a degree of drought (Chenu et al., 2013; Lobell et al.,
2013).
In the aﬂatoxin model, ﬁrst a temperature dependency factor
(Aﬂo temp factor) of A. ﬂavus was  computed using mean ambient
temperature (Tmean aﬂo) and the revised set of new minimum (base)
(Tmin aﬂo), optimum (Topt aﬂo) and maximum (Tmax aﬂo) cardinal
temperatures. The equations that used these three cardinal temper-
atures to calculate Aﬂo temp factor were:when Tmean aﬂo ≥ Tmin aﬂo
and ≤Topt aﬂo then
Aﬂo temp factor = Tmean aﬂo − Tmin aﬂo
Topt aﬂo − Tmin aﬂo
; (1)
and when Tmean aﬂo > Topt aﬂo and <Tmax aﬂo then
Aﬂo temp factor = Tmax aﬂo − Tmean aﬂo
Tmax aﬂo − Topt aﬂo
; (2)
and when Tmean aﬂo < Tmin aﬂo or >Tmax aﬂo then
Aﬂo temp factor = 0. (3)
This temperature dependency factor was then used to compute
the aﬂatoxin risk index (ARI) when SDR was  below the threshold
value of being ≤0.20 during the grain ﬁlling stage (stages 8 to 9 in
APSIM). This low SDR value was  indicative the crop being exposed
to severe drought stress (Chauhan et al., 2013) a condition that
could favour contamination. The grain ﬁlling stage was generally
reached within a few days after anthesis. To compute ARI, Aﬂo risk
was accumulated in a counter so long SDR simulated by the APSIM
model remained ≤0.2.
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When the SDR ≤ 0.20 and maize growth stage ≥8
Aﬂo risk = Aﬂo risk + (1 × Aﬂo temp factor) (4)
RI =
∑
Aﬂo risk × 10 (5)
The multiplier ‘10’ in equation 5 was to bring ARI in the 0 to 100
ange. A different multiplier could also be used to directly convert
ﬂo risk into aﬂatoxin content. However, this would require strain
peciﬁc calibration. The upper limit of ARI was kept as 100 which
quated to a very high level of contamination.
The model assumed that A. ﬂavus fungal inoculum was always
vailable for infection and hence two steps—sporulation and spore
ermination were considered non-limiting and were not included
n the model. Only the exposure of maize to drought (SDR ≤ 0.2)
uring any part of the grain ﬁlling stage was treated as a trigger
oint for infection and proliferation of the fungus and aﬂatoxin
roduction in the grains. The model also assumed that water activ-
ty for spore germination was non-limiting as moisture content
f maize grains before physiological maturity was always > 24% at
hich water activity of 1 was achieved (Payne et al., 1998).
.2. Determination of cardinal temperatures for aﬂatoxin
roduction
Three laboratory experiments were conducted to determine car-
inal temperatures for A. ﬂavus growth and aﬂatoxin production.
. ﬂavus was grown in culture media in experiments 1 and 2, and
n intact grains in experiment 3. In all the three experiments, incu-
ation at different temperatures was done in dark. All inoculations
ere done in a biological safety cabinet (II).
In experiment 1, toxigenic strain #5307 of A. ﬂavus collected
rom the soil from the Coalstoun Lakes region of Queensland,
ustralia, was grown on Czapak yeast agar (CYA) and corn meal
gar (CMA, MP  Biomedicals, LLC, Germany) media in 90 mm diam-
ter covered plastic Petri plates. The strain was applied with a pin
ead in the centre of each Petri plate. There were seven temperature
reatments (10, 15, 20, 25, 30, 35, and 40 ◦C) maintained in sepa-
ate incubators. There were four replications for each treatment and
ll replications for each temperature treatment were kept within
he same incubator. A Tinytag data logger (Hastings Data Loggers)
as kept in each incubator to monitor temperature. The experi-
ent was terminated after ﬁve days (120 h). The colony diameter
as measured without opening the lids of Petri plates. Immediately
fterwards, the Petri plates were kept in the freezer maintained at
−20 ◦C prior to determination of aﬂatoxin.
In experiment 2, two strains of A. ﬂavus,  #5307, and #5316
lso from the soil of the Coalstoun Lakes region of Queensland,
ustralia, were cultured on CYA medium in 90 mm diameter plastic
etri plates as in experiment 1. In addition, these Petri plates were
ept in 2 l polyethylene boxes. The atmosphere inside the boxes
as saturated by water vapour by adding 100 ml  deionized water
o the base of each box. This saturation was considered necessary
ue to a sudden drop in aﬂatoxin production observed at >30 ◦C in
xperiment 1, which was suspected to have occurred due to lower
elative humidity achieved in the Petri dishes at higher tempera-
ures. The level of Petri plates was raised sufﬁciently to prevent this
ater entering in them. There were seven temperature treatments
10, 15, 20, 25, 30, 35, and 40 ◦C) maintained in separate incuba-
ors. There were four replications for each treatment. Experiment
 was conducted as per experiment 1 from this point onwards. For
oth experiments 1 and 2, CYA medium was prepared by dissolving g K2HPO4, 30 g sucrose, 5 g yeast extract, 15 g agar, 10 ml  of Czapek
oncentrate, 1 ml  Smith’s trace metal solution in 1 l distilled water.
he Czapek concentrate consisted of 25 g KCl, 150 g NaNO3, 25 g
gSO4·7H2O, and 0.5 g FeSO4·7H2O dissolved in 500 ml  distilledsearch 178 (2015) 91–99 93
water. The trace metal solution consisted of 0.5% CuSO4, and 1% Zn
SO4 in distilled water.
In experiment 3, A. ﬂavus strain #5307 was  grown on intact
grains of Pioneer hybrid 34N43 only to measure aﬂatoxin produc-
tion as colony growth was difﬁcult to measure on grains. For this
experiment 40 g of maize kernels autoclaved for 15 min at 121 ◦C
was placed in 90 mm sterile plastic Petri plates. Eight millilitres of
deionized water containing 106 spores/ml was  then poured over
the kernels. This spore suspension by itself did not contain any
detectable amount of aﬂatoxin. This spore suspension in addition
to serving as a source of inoculum increased the grain moisture
content from 9% to 33%, which is the moisture maize kernels nor-
mally have close to physiological maturity. The Petri plates were
covered with their lids and then placed in 2 l covered plastic boxes
containing 100 ml  deionized water at the base to saturate the box
atmosphere as described above. These boxes were placed in incu-
bators maintained at seven different temperatures (10, 15, 20, 25,
30, 35, and 40 ◦C). There were a few extra Petri-plates for the 25
and 30 ◦C treatments to periodically determine when to termi-
nate the experiment, which occurred at 72 h after the incubation
commenced.
The aﬂatoxin content in all three experiments was determined
using the Vicam procedure (Vicam Science and Technology, 1999).
Samples were processed in 80% methanol and measurements made
on a VICAM Fluorometer, Series 4 (BBI Source Scientiﬁc, USA)
according to manufacturer’s instructions.
2.3. Evaluation of the model
To generate aﬂatoxin contamination data for model evalua-
tion, ﬁve ﬁeld trials were conducted at four Kenya Agriculture and
Livestock Research Organisation (KALRO) ﬁeld station locations in
Kenya including two sowings at Kiboko in 2011 and 2012, and one
trial each at Katumani, Perkerra and Mtwapa in 2012 (Table 1).
The trial sites had either maize or other crops prior to planting.
These trials were planted at 75 cm row-to-row and 25 cm plant-to-
plant distances resulting in a population of 5.3 plants/m2. The maize
crop received 60 kg nitrogen/ha the timing of which is shown in
Table 2. The trials were irrigated at different times (Table 2), except
at Mtwapa where the crop was raised entirely as rainfed. While
a number of hybrids were included in the trials in both seasons
we selected only tropical Hybrids 513 (H513) and 614 D (H614)
for which we  had similar hybrids (H511 and H614) parameterized
in APSIM (Keating et al., 2003). H513 ﬂowered and matured up to
10 days earlier compared to H614. These hybrids were grown in
three replicated rows (biological replicates) at Kiboko in 2011 and
seven replicated rows in all 2012 trials. Ten ears per replicate were
artiﬁcially inoculated. This inoculation was  done to make sure that
A. ﬂavus was present as screening different genotypes for suscep-
tibility to the fungus was  also one of the objectives of the trials.
Inoculation was done to ensure that all genotypes had an equal
chance of being infected with the same inoculum strain. Each entry
was inoculated by injecting 1 ml  of 108 conidia/ml into the silk
channel when the entry had reached 50% silking, using a local tox-
igenic A. ﬂavus strain. At harvest these inoculated cobs within a
replication were bulked to constitute a sample.
The manager module of the user interface of the APSIM model
was conﬁgured to incorporate equations described in Section
2.1. Subsequently, the model’s capability to simulate seasonal (at
Kiboko) and locational variation (all locations) in pre-harvest aﬂa-
toxin contamination in different environments was  evaluated.
The manager module of the user interface was also conﬁgured
to incorporate agronomic details of the trials and to include two
commercial hybrids H511 (as a proxy of H513, which has a similar
phenological development pattern and is recommended for culti-
vation in similar environments), and H614 in separate simulations.
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Table  1
Details of ﬁeld trials conducted in Kenya.
Location (village) District Latitude Longitude Altitude
(m)
Dates of
Planting Inoculationa Harvest
Kiboko Kibwezi 2◦1′S 37◦4′E 892 22/08/11 4/11/11 12/1/12
10/11/11
Kiboko Kibwezi 2◦1′S 37◦4′E 892 26/06/12 14/9/12 08/11/12
27/9/12
Katumani Machakos 1◦3′S 37◦1′E 1100 30/05/12 15/9/12 29/10/12
24/9/2012
Mtwapa Kiliﬁ 3◦6′S 39◦4′E 15 26/05/12 27/7/12 05/10/12
4/8/12
Perkerra (Marigat) Baringo 0◦3′N 36◦1′E 1067 23/06/12 5/9/12 24/10/12
17/9/12
a The ﬁrst inoculation date is for H513 and the second for H614.
Table 2
Soil depth, total plant available water-holding capacity (PAWC) when full proﬁle, nitrogen and irrigation amounts and days after sowing (DAS) of their application.
Location Soil depth (cm) PAWC (mm)  Nitrogen (kg/ha)(DAS) Irrigation (mm)(DAS)
Kiboko 2011 150 147 30(0), 30(49) 40
(0)
Kiboko 2012 150 147 30(0), 30(35) 12(43), 35(49).35(55),
28(60), 20(65), 19(73),
32(81)
Katumani 170 218 60(0) 25(0), 25(7), 25(14),
25(21),25(26)
Mtwapa 100 43 30(0), 30(42) Nil
T
i
(
w
f
s
d
P
a
a
C
K
w
i
‘
t
p
a
a
e
e
2
c
r
m
t
l
s
H
t
cPerkerra 120 174 
he input of irrigation and their timings as shown in Table 2 were
ncorporated into the module to simulate aﬂatoxin risk index.
Daily climatic data of these trials were collected using Decagon
USA) automatic weather stations installed at each trial site. Soil
ater holding capacity of the experimental sites described in dif-
erent publications was used for modelling purpose (Table 2). The
oil at Kiboko holds about 147 mm plant available water to a 1.5 m
epth and Katumani 218 mm to a 1.7 m depth (Keating et al., 1991;
robert et al., 2001). The soil at Perkerra holds about 170 mm plant
vailable water to 1.2 m depth (Mwangi, 1983; Kipkorir et al., 2002),
nd at Mtwapa 43 mm to 1.0 m depth (Nandwa and Chege, 1996).
hanges in the U’ parameter of the soils of two sites including
iboko and Mtwapa, which controls the second stage evaporation,
ere made to ensure that the simulated maturity of the later matur-
ng hybrid H614 coincided with its harvest date. In Kiboko soil the
U’ parameter of evaporation was reduced from 9 originally present
o 4 and for Mtwapa this parameter was increased from 4 originally
resent to 5.5. The same soil parameters were used for both hybrids,
nd for two seasons at Kiboko. The starting available soil water at
ll locations was considered to be 100% at the time of sowing at
ach location as sowings were taken up after a signiﬁcant rainfall
vent or irrigated soon after sowing to initiate germination.
.4. Relative susceptibility of maize types to aﬂatoxin
ontamination
The maize aﬂatoxin model was developed to assess aﬂatoxin
isk rather than absolute level of contamination in diverse environ-
ents. Nevertheless to be of practical value, the risk predicted by
he model was expected to have some relationship with observed
evels of contamination. The slope and intercept of this relationship
hould ideally be similar irrespective of environments or seasons.
owever, if there were genetic differences in susceptibility of maize
his may  not happen. Also the strains’ ability to produce aﬂatoxin
ould differ (Niles et al., 1985; Probst et al., 2007; Probst and Cotty,60(0) 40(0), 40(60)
2012). In the laboratory experiment 4 we therefore examined if the
method we used to obtain the temperature response of A. ﬂavus
could also detect interaction between maize and strain types to
assist interpretation of results.
In this experiment we  compared a yellow maize hybrid to rep-
resent the yellow maize, which is commonly grown in Australia,
and a white maize hybrid to represent the white maize, which is
grown in Kenya. Seeds of Australian yellow maize hybrid 34N43,
and white maize hybrid KHCIM12 with parents derived from Kenya
were collected from the 2012–2013 harvest at Kingaroy, Queens-
land Australia. The kernel moisture content of both hybrids was
13.8% at harvest.
Twenty four gram sub-samples of seed (20 g on the dry weight
basis) were placed in 90 mm diameter glass Petri plates and auto-
claved at 121 ◦C for 15 min. After cooling the Petri plates to room
temperature, 3.3 ml  spore suspension of strains #5307 and #5316
containing approximately 106 spores/ml was added to each plate
using a self-measuring pipette. There was also an un-inoculated
control in which 3.3 ml  deionized water was added. The experiment
had four replicated Petri plates for each treatment. These were kept
in 2 l plastic boxes ﬁlled with 100 ml  de-ionized water as described
above, with one of the boxes also having a Tinytag logger to record
temperature and humidity ﬂuctuations inside the box. These cov-
ered boxes were placed in an incubator maintained at 32.5 ◦C. The
experiment was  terminated after 72 h by removing the samples
from the incubator and placing them in a deep freezer having <20 ◦C
temperature. Aﬂatoxin content in the grains was  determined using
the Vicam procedure for maize in 0 to 300 ppb range (Vicam Science
and Technology, 1999).
2.5. Statistical analysisData of laboratory experiments were statistically analysed using
the GENSTAT program (VSN International, 2011). In the labora-
tory experiments, zero values of aﬂatoxin were replaced by 1 as
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he minimum detection limit. All aﬂatoxin values in the laboratory
xperiments were then transformed as their natural log +1 as the
ange of differences amongst treatments was too large. APSIM sim-
lated ARI for ﬁeld trials were regressed against the geometric
ean values of aﬂatoxin contamination of each hybrid grown at
ach site. Thus, there were 10 observations. The performance of
he model was evaluated by comparing R2 and the signiﬁcance of
he relationship of the level of contamination with the independent
ariable that is ARI.
. Results
.1. Cardinal temperatures for aﬂatoxin production
The coefﬁcient of variation for colony growth and aﬂatoxin pro-
uction in experiment 1 and 2 was less than 6% and for aﬂatoxin
roduction and in experiment 3 with intact grains was 15.9%.
In experiment 1, the temperature, culture medium and temper-
tures × culture medium interaction effects were highly signiﬁcant
or the colony growth rate (Fig. 1a). Colony growth in the mid  tem-
erature range was signiﬁcantly less on CMA  medium as compared
ith CYA medium. However, the response patterns on both media,
hich could be described by 3rd order polynomial equations, were
early identical with similar minimum (base), optimum and max-
mum (ceiling) temperatures.
In experiment 2 (Fig. 1b), which included strains #5307 and
5316 grown only on CYA medium, the cardinal temperatures
or growth were similar to those observed in experiment. The
train × temperature interaction for the colony growth rate was
ighly signiﬁcant with the growth rate of strain #5307 being
reater compared to that of strain #5316 between 25 and 35 ◦C.
ig. 1. Growth response of strain #5307 on CYA and CMA media (a) and of strains
5307 and #5316 A. ﬂavus on CYA media at different incubation temperatures (b).
he  standard error of means for comparing temperature × culture medium effects
or chart a was  0.11 mm/day and strain × temperature interaction for chart b was
.09 mm/day.search 178 (2015) 91–99 95
The response of both strains to temperature could be described by
3rd order polynomial equations.
By establishing separate relationships between the rising and
decreasing colony growth rate regions given in Fig. 1, the base
temperature (Tmin aﬂo) was found to be 11.5 ◦C, optimum (Topt aﬂo)
32.5 ◦C and maximum temperature (Tmax aﬂo) 42.5 ◦C.
The optimum temperature for aﬂatoxin production on CYA
medium in both experiments 1 and 2 was similar (Fig. 2), but less
compared to that for colony growth in them (Fig. 1). In experiment
1, no aﬂatoxin could be detected on CMA  medium. In experi-
ment 2 the strain × temperature interaction was  highly signiﬁcant
(p ≤ 0.01) for aﬂatoxin production. In this experiment the overall
amount of aﬂatoxin produced by strain #5316 at 18 to 30 ◦C tem-
perature was signiﬁcantly more (p ≤ 0.01) compared to by strain
#5307 (Fig. 2a).
Although growth rates of the two strains were not signiﬁcantly
different, there were visible differences in colony appearance in
Petri plates at different temperatures with intensity of dark colour
#5316 being appreciably more than that of strain #5307 (Fig. 3).
This may  be indicative of greater conidia production by #5316
which was consistent with its higher aﬂatoxin production poten-
tial. The gradation of darker colour of the two  strains, however, did
not exactly match with the aﬂatoxin content observed at different
temperatures as there was very little aﬂatoxin produced at 35 ◦C by
strain #5316 although that treatment had the highest intensity of
dark colour.
In experiment 3 with whole maize grains the effect of temper-was different compared to that found on CYA medium in both
Fig. 2. Aﬂatoxin content on a) CYA medium in experiment 1 with single strain
#5307, and in experiment 2 with two strains (#5307 and #5316), and b)
in  whole maize grains with strain #5307 of A. ﬂavus.  The temperature and
strain × temperature interaction effects in experiments 1 and 2 and the temper-
ature effect in experiment 2 were signiﬁcant (p ≤ 0.01). The SE value for comparing
strain × temperature interaction in chart a was 0.17, and for temperature effect in
chart b, 0.39.
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strain and the maize type were highly (p ≤ 0.01) signiﬁcant. The
interaction between the strain and maize types was, however, not
signiﬁcant.ig. 3. A snapshot of the effect of temperature on the growth of A. ﬂavus strains
5316 and #5307 on CYA medium in experiment 2. The strain × temperature inter-
ction was  highly signiﬁcant for both colony growth and aﬂatoxin content.
xperiments 1 and 2, but was similar to that observed for colony
rowth in both CYA and CMA  media in these two experiments. The
esponse pattern of aﬂatoxin production in intact grains could also
e described by a 3rd order polynomial equation (Fig. 2b). The rela-
ionship between colony growth in CMA  medium and aﬂatoxin
roduction in intact grains between the 20 and 32 ◦C tempera-
ure range was highly signiﬁcant (R2 = 0.996, p ≤ 0.01) for strain
5307. The cardinal temperatures derived for colony growth for
ulture media were therefore considered appropriate for aﬂatoxin
roduction as well.
.2. Aﬂatoxin risk index with pre-harvest aﬂatoxin
ontamination in the ﬁeld
In the multi-location trials, where weather and soil moisture
olding capacity varied greatly, the average aﬂatoxin content of
he two hybrids ranged and <1 and 7143 ppb. In the two tri-
ls conducted at Kiboko aﬂatoxin content varied from <1 ppb in
011 to 664 ppb in 2012 for early hybrid H513, and <1 ppb in
011 to 1738 ppb in 2012 for medium hybrid H614. In trials con-
ucted in 2012, the average aﬂatoxin content at Katumani was
3 ppb for H513 and 16 ppb for H614. At Mtwapa the average
ﬂatoxin content was 956 ppb for H513 and 7143 ppb for H614,
nd at Perkerra 1559 ppb for H513 and 1682 ppb for H614. ARI
ig. 4. Relationship between observed aﬂatoxin content (ppb) of early Hybred 513
H513) and medium Hybred 614D (H614) and aﬂatoxin risk index simulated by the
aize aﬂatoxin model in ﬁve trials conducted in different environments of Kenya.
2 of the relationship was  signiﬁcant (p < 0.001). Vertical bars are standard errors of
ean of observed aﬂatoxin contamination.search 178 (2015) 91–99
computed with the new set of cardinal temperatures identiﬁed in
this study and drought threshold varied between 0 and 100 (0 to
10 without the multiplier ‘10’). The linear relationship between
ARI, which was  simulated using the new set of cardinal temper-
atures and SDR as a new threshold, with aﬂatoxin contamination
was highly signiﬁcant (p < 0.001) with R2 being 0.99 (Fig. 4). The
root mean square error was  4.7% of the mean observed aﬂatoxin
contamination.
3.3. Differences in aﬂatoxin production potential between two
maize types and two  A. ﬂavus strains
In experiment 4 both strains #5307 and #5316 were found to be
colonizing the white maize more vigorously compared to the yel-
low maize (Fig. 5a). However the amount of aﬂatoxin produced by
the two strains on each maize type varied signiﬁcantly (p ≤ 0.01).
Strain #5316 produced 5.2 times more aﬂatoxin than strain #5307
(Fig. 5b). Aﬂatoxin production was  2.6 times more on the white
maize than on the yellow maize under similar conditions. The
differences between the natural log transformed means for bothFig. 5. A snapshot of white and yellow grains infected with #5307 and #5316 strains
of  A. ﬂavus taken at 3 days after incubation at 32.5 ◦C in the laboratory (a) and the
effect on aﬂatoxin production in the two maize types (b). The standard error of
means for comparing strain and maize type is 0.215 (p ≤ 0.01).
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. Discussion
.1. Integrating drivers of aﬂatoxin contamination into the maize
ﬂatoxin model
As aﬂatoxin contamination by A. ﬂavus is signiﬁcantly driven
y climate it has led many researchers to explore the possibil-
ty of modelling contamination risk. Numerous laboratory models,
hich showed A. ﬂavus growth being related to variation in tem-
erature and humidity, have, however, have not translated well
nto the ﬁeld where aﬂatoxin contamination occurs when condi-
ions are hot as well as dry. In storage conditions these hot and dry
onditions do not encourage aﬂatoxin production as they lower
rain moisture content; nonetheless, storage remains a signiﬁcant
hallenge for aﬂatoxin contamination in developing countries as
ell. Trenk and Hartman (1970) reported 18% moisture content
o be a limit below which aﬂatoxin production will not occur.
 prototype model of maize aﬂatoxin contamination (Chauhan
t al., 2008) based on a peanut aﬂatoxin model (Chauhan et al.,
010) was developed in Australia that does not need water activ-
ty parameter as a driver for aﬂatoxin production. The model
roposed by them for both peanut and maize used the onset of
oisture stress (drought) represented by fractional available soil
ater being ≤0.20 during the reproductive stage to simulate sus-
eptibility to A. ﬂavus invasion and a set of equations based on
ardinal temperatures to simulate aﬂatoxin risk. The risk com-
uted by the model was found to be related to level of aﬂatoxin
ontamination for a limited number of locations. These cardinal
emperatures were derived using peanut as a substrate and there-
ore needed to be veriﬁed for maize to increase accuracy of the
odel.
The results of experiments 1, 2 and 3 of this study showed that
or both fungal growth and aﬂatoxin production in grains the base
emperature was 11.5 ◦C, the optimum 32.5 ◦C, and the maximum
2.5 ◦C. These cardinal temperatures were very similar (within
.5 ◦C) to those reported previously for A. ﬂavus by Ayerst (1969),
ut slightly different than used in the peanut model by Chauhan
t al. (2010) and Battilani et al. (2013). Unlike our study, Battilani
t al. (2013) used two separate sets of cardinal temperatures for
. ﬂavus growth and aﬂatoxin production as observed in culture
edium studies. We  also found that in culture medium the opti-
um  temperatures for A. ﬂavus growth and aﬂatoxin production
ere different, but the optimum temperature for aﬂatoxin pro-
uction in intact grains was similar to that for growth in culture
edium.
In laboratory experiments 2 and 3, we studied temperature
esponses at the highest level of relative humidity of 100% repre-
enting water activity of 1. Many studies in culture medium as well
s with intact grains have found signiﬁcant interactions between
ater activity and temperature (Samapundo et al., 2007; Mousa
t al., 2011; Garcia et al., 2013). These interactions, which have been
n essential component of in vitro modelling, have been known for
 long time and have been modelled well (Ayerst, 1969; Niles et al.,
985; Abdel-Hadi et al., 2012). The inclusion of water activity as a
arameter adds another level of complexity for ﬁeld modelling of
ﬂatoxin risk. Many models including APSIM do not have an input
f relative humidity. The inability to reconcile with the require-
ent of the water activity parameter in ﬁeld conditions could be
ne of the reasons why it has taken so long to produce a reliable
nd practical prediction model for pre-harvest aﬂatoxin contami-
ation. While the inclusion of water activity may  be important for
ulture medium studies and stored grains, we consider that it may
ot be as important for ﬁeld grown maize where kernel moisture
ontent before physiological maturity is almost always sufﬁciently
igh compared to the threshold of 24% for aﬂatoxin production
Payne et al., 1998; Ma  and Dwyer, 2001).search 178 (2015) 91–99 97
Another complexity needed to be resolved for modelling aﬂa-
toxin risk was  the use of appropriate indices to account for the
occurrences of drought that trigger A. ﬂvaus invasion and aﬂa-
toxin production. In our model fungal invasion of developing seeds
was driven by a low SDR. Battilani et al. (2013) considered fun-
gal invasion to occur when relative humidity was less than 80%
and there was no rain on a particular day and subsequent colo-
nization and aﬂatoxin production was  dependent on temperature.
Such days will invariably occur in arid and semi-arid environments
where maize is grown and allow the crop to be infected although
this infection may  not necessary contaminate the crop with aﬂa-
toxin. Holtmeyer and Wallin (1981) found a reasonable number of
A. ﬂavus spores in the air in all the seasons and locations they com-
pared. Bilgrami and Choudhary (1993) also could isolate toxigenic
strains of A. ﬂavus from maize on most occasions whether or not
the maize sampled had aﬂatoxin. There was no apparent limita-
tion or lag for their germination at temperatures maize is normally
grown (Marín et al., 1998). The few differences between ours and
the model proposed by Battilani et al. (2013) highlighted above
were signiﬁcant, but how these two models would compare in pre-
dicting aﬂatoxin risk in different environments was not known. This
comparison was not attempted in the present study. It would be
interesting to compare these on independent datasets to identify
possible strengths and weaknesses of each of these two modelling
approaches in predicting aﬂatoxin risk.
4.2. Evaluation and the potential applications of the maize
aﬂatoxin model
With the use of the new set of cardinal temperatures and SDR
as trigger point to simulate susceptibility of maize to A. ﬂavus inva-
sion and aﬂatoxin production, ARI simulated by the model was
linearly related with the level of contamination. The model cap-
tured differences in aﬂatoxin contamination arising due to seasonal
and locational weather conditions as well as those arising due to
differences in the maturity of the hybrids. The major effect of sea-
sonal weather, which was  independent of soil, was  captured well
at Kiboko where differences due to season and hybrids varied from
<1 ppb in 2011 to 1738 ppb in 2012. The aﬂatoxin risk index values
for this location ranged from 0 to 24. Even though the hybrids dif-
fered in the extent of contamination with medium hybrid generally
having greater contamination, a single relationship between ARI
and aﬂatoxin contamination could describe the response of both
the hybrids. Both hybrids are white seeded type, and could have
similar sensitivity to A. ﬂvaus if they experience similar growing
conditions. Sometimes colonization of grains with A. ﬂavus could be
induced by insect damage. This effect of insects on aﬂatoxin produc-
tion, though important, was  not directly considered in our model.
Once damaged, the temperature relations for aﬂatoxin production
should still remain relevant.
For predicting risk in other varieties, they will need to be param-
eterized for APSIM before simulating the risk. They may also differ
in relation to susceptibility to aﬂatoxin production as shown with
the yellow and white maizes in this study. Hawkins et al. (2008)
reported considerable differences in the level of aﬂatoxin produc-
tion by three hybrids in the same environment over ﬁve consecutive
seasons. When our model was applied to predict aﬂatoxin risk at
their experimental site the model predicted ARI related well with
the mean contamination levels of the three hybrids (R2 = 0.90) (data
not shown). However, the R2 of the relationship of contamination
observed in the individual hybrids and ARI ranged from 0.74 to
0.94. The best relationship (R2 = 0.94) was  obtained with the most
susceptible hybrid.
Although ARI is not a probability parameter in a strict sense,
its value could still indicate the likelihood of contamination and
with its increased value the chances of detecting contamination
9 ops Re
w
a
s
a
t
w
d
d
l
m
m
t
t
o
w
l
e
i
r
e
o
c
p
5
t
2
o
r
a
a
f
w
o
d
d
e
t
c
e
a
a
a
d
A
f
m
c
B
B
t
t
J
o
t
R
A8 Y. Chauhan et al. / Field Cr
ill progressively increase. This makes the model immensely suit-
ble for individual farmers – or to extension and other related
takeholders – to monitor their crops and make informed decisions
bout various corrective steps to be undertaken to minimize aﬂa-
oxin contamination. The corrective steps could include improving
eed management, application of irrigation if available to reduce
rought intensity, and early harvest followed by rapid artiﬁcial
rying (Hell and Mutegi, 2011) compared to the usual practice of
eaving the crop in the ﬁeld for dry down (Kaaya et al., 2006). The
odel could be turned into a decision support tool similar to Aﬂo-
an  being used by farmers in Australia (Chauhan et al., 2010). But
he requirement of computers with internet connectivity could be
o be a limiting factor in developing countries. The smart phone rev-
lution, however, could effectively overcome this limitation. The
idespread use of mobile phones is already beginning to revo-
utionize the livestock sector in Kenya (www.fao.org/news/story/
n/item/170807/icode/). The maize industry may  be particularly
nterested in learning how the composite value of ARI for an area
elates to the proportion of grains above the legal limit that may
nter the market in a given region. Such assessment in the devel-
ped countries (Battilani et al., 2013), where large volumes of the
rop are received at the intake points, could provide useful guiding
arameters that may  also be applicable to developing countries.
. Conclusions
This study was aimed at improving the prototype maize aﬂa-
oxin model integrated within the APSIM model (Chauhan et al.,
008), and verifying the new model’s ability to simulate the risk
f aﬂatoxin contamination in maize crop grown in diverse envi-
onments. The cardinal temperatures for the fungal growth and
ﬂatoxin production used in the revised model were determined
fresh which matched with a few published studies, but differed
rom some others. The other change that was made was to use of the
ater supply demand ratio as this parameter accounts for drought
ccurring due to limited moisture availability in the soil and water
emand determined by the rate of crop growth and vapour pressure
eﬁcit. This change seems to have worked well.
We evaluated the ability of this model in using datasets gen-
rated multi-location trials in Kenya. The linear relationship of
he ARI simulated by the model with the observed mean aﬂatoxin
ontamination which varied from <1 to 7143 ppb in ﬁve diverse
nvironments was signiﬁcant and explained a high degree of vari-
tion in the mean level of contamination. The model awaits further
pplication as a research and decision support tool to minimize
ﬂatoxin contamination in this important staple food crop of many
eveloping countries.
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